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This paper presents quantitative experimental data generated for the validation of plasma-assisted combustion
(PAC) simulations. These data are then used to validate the phenomenological model of Castela et al. They are
also useful to test other PAC models. In the experiment presented here, Nanosecond Repetitively Pulsed (NRP)
discharges are applied to a lean-premixed turbulent methane-air flame initially near the lean blow-off limit. The
Temperature measurements discharges significantly enhance the combustion and stabilize the flame after a few pulses. Electrical and optical
Phenomenological nanosecond discharge diagnostics are employed to extensively quantify the transient and steady state of the plasma-stabilization
model process. The flame shape is characterized by OH* chemiluminescence imaging. In the discharge region, OH
density profiles are obtained by 1D laser-induced fluorescence, and the gas temperature is measured by optical
emission spectroscopy measurements. The local gas temperature increases by 1250 K, and the OH number
density rises sevenfold when NRP discharges are applied. These results evidence the cumulative thermal and
chemical effects of NRP discharges, which are especially challenging to replicate numerically. A Large Eddy
Simulation (LES) of the experiment is performed. Combustion chemistry is modeled by an analytically reduced
mechanism, while the plasma discharge is described by the low-CPU cost phenomenological model of Castela
et al., which aims to capture the main thermal and chemical effects induced by the discharges. The model of
Castela et al. is validated in the burnt gases by the remarkable agreement between the simulations and the
experiments regarding the flame shape, the local gas temperature, and the OH number density. More generally,
this work demonstrates the relevance of simplified plasma models in LES solvers to simulate complex plasma-
assisted burners.

electrical pulses [3-5], especially Nanosecond Repetitively Pulsed
(NRP) discharges [6-8]. These nonequilibrium discharges efficiently

1. Introduction

For decades, carbon-based fossil fuels have provided more than 80 %
of the world’s total energy supply [1]. To achieve net zero CO, emissions
by 2050, the shift to a clean energy economy is required. However,
many industrial combustion processes cannot be replaced by
carbon-free electrification. Promising alternatives include low-carbon
fuels such as biofuels, synthetic fuels, hydrogen, or ammonia, but their
combustion is still responsible for the emissions of pollutants such as
carbon monoxide, nitric oxides (NOy), sulfur oxides, soot, and particu-
late matter. A strategy to mitigate pollutant formation consists in
decreasing the flame temperature by burning lean-premixed fuel-air
mixtures. Lean-premixed combustion, however, is subject to instabilities
and blow-off that are detrimental to operability in most applications [2].

A promising way to extend the flame stability limit is to apply
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produce reactive species and promote combustion at a low power
budget, typically 0.1-1 % of the flame thermal power [9-16]. It was
shown in previous works that nanosecond discharges can significantly
extend the lean blow-off limits of a bluff-body burner [14] and of
swirl-stabilized burners [15,17-21]. The ability of nanosecond dis-
charges to stabilize lean flames was also experimentally demonstrated
for both gaseous and liquid fuels [18], for thermal powers up to 100 kW
[15,19,21], and pressures up to 5 bar [20,22].

The effects of NRP discharges on flame stability are still an ongoing
research subject. Simulations are carried out to identify the mechanisms
of temperature increase, the pathways of radicals formation, and their
interaction with the fuel and oxidizer molecules [9,23-32]. However,
plasma-assisted combustion (PAC) simulations with detailed chemistry
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are mainly limited to OD or 1D configurations because of computational
cost constraints. Detailed plasma and combustion kinetics, along with
the resolution of the Poisson and fluid equations, were incorporated in
2D numerical simulations of Hp-air ignition by a nanosecond discharge
[33,34]. These studies are essential to investigate the interaction of the
discharge with the gas and the non-uniform effects, but their imple-
mentation remains computationally prohibitive when simulating re-
petitive discharges. To circumvent this problem, Bak et al. [35]
performed 2D simulations of a laminar methane-air flame stabilized by
NRP discharges at 30 kHz, assuming a homogeneous electric field.
However, coupling a 3D turbulent combustion solver with a plasma
discharge solver is still challenging, and simulations are computation-
ally prohibitive when applying several discharges in sequence.

To overcome these limitations, Castela et al. [36] developed a
reduced analytical model to simulate the effects of NRP discharges.
Their model predicts the fraction of the discharge energy spent on fast
gas heating and fast dissociation of O at the nanosecond time scale, and
on slow gas heating at the microsecond time scale [11,28]. Such reduced
models are necessary to perform plasma-assisted combustion simula-
tions in industrial applications where accurate and reliable numerical
tools are needed to design innovative combustion chambers and plasma
reactors. Initially applied to study the plasma-induced ignition of a
quiescent combustible mixture [37], the model of Castela et al. was
recently implemented in a Large Eddy Simulation (LES) solver to study
the ignition and enhancement of premixed turbulent methane-air flames
by a series of nanosecond discharges [38-40]. Additional simulations
using Castela et al.’s model were performed by Malé et al. [12] to study
the ignition of CH4-Hj-air mixtures diluted with hot combustion prod-
ucts in the second stage of a sequential burner. Their results showed a
significant improvement of the combustion efficiency near blow-off
thanks to NRP discharges. Malé et al. also performed OD kinetic simu-
lations and found the model of Castela et al. to be in good agreement
with the atomic oxygen mass fraction and the temperature evolution
predicted by their simulations with detailed plasma chemistry. In
Ref. [41], detailed plasma kinetics simulations were performed by
Barléon et al. to extend the model of Castela et al. to a lean premixed
methane-air flame at an equivalence ratio of 0.8. These simulations
predicted an increase in temperature and radicals similar to the results
obtained with Castela et al.’s model. However, although used in several
works [12,37-39], the plasma-assisted combustion model developed by
Castela et al. has not been validated yet through quantitative compari-
sons against experiments.

In general, the validation of a model requires a wide range of
experimental conditions, and a single experiment is not sufficient to
fulfil this task. For instance, ignition experiments aim to initiate the
combustion chain-branching reactions efficiently and produce an igni-
tion kernel that can further develop [42,43]. A few discharges are usu-
ally enough for ignition to occur. On the other hand, plasma-assisted
stabilization of lean flames is expected to sustain these chain-branching
reactions in conditions where they usually terminate without plasma.
The stabilization is achieved by applying discharges continuously at a
repetition frequency of a few tens of kHz. Steady-state experiments can
test a model in continuous (forced regime) conditions but are not suit-
able for testing the ability of the model to reproduce the effect of a single
discharge or a reduced number of discharges.

The first goal of this study is to generate experimental data in a
turbulent plasma-assisted flame to validate PAC models. We define a
reference experiment to assess not only the ability of a model to repro-
duce the effects of a few discharges, but also to reproduce steady-state
conditions when discharges are applied continuously. A burst of nano-
second discharges is applied to a lean-premixed turbulent methane-air
flame initially near the lean blow-off limit. Without discharges, the
flame is relatively small and referred to as “weak flame”. The NRP dis-
charges progressively enhance the weak flame until a steady, stable
flame is obtained. The impact of the discharges on the flame is charac-
terized in terms of flame shape, temperature, and OH distribution in the
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vicinity of the discharges. This experiment thus allows testing models at
both short time scales, i.e., transient effects, and long time scales, i.e.,
steady-state conditions.

The second goal of this study is to assess the ability of 3D LES
incorporating the model of Castela et al. to reproduce the driving effects
of nanosecond discharges on flame stabilization in the reference
experiment.

This paper is organized as follows. Section 2 describes the experi-
mental setup as well as the electrical and optical diagnostic techniques.
Section 3 describes the numerical modeling. In Section 4, comparisons
between experimental and numerical results are presented, with a focus
on the evolution of flame shape, temperature, and OH number density.

2. Experimental setup and diagnostics
2.1. Experimental setup

Experiments are carried out with the Mini-PAC bluff-body burner
extensively described in our previous work [44-48] and represented in
Fig. 1. Methane and air are premixed in a chamber before being supplied
at the bottom of the burner. The flame is anchored by a cylindrical bluff
body aligned concentrically within the annular injection duct. The inner
and outer diameters of the annular duct are 10 mm and 16 mm,
respectively. The residence time in the recirculation zone created by the
bluff body is long enough to stabilize the turbulent flame. The air
flowrate is 16 Nm3/h, and the methane flow rate is 1.34 Nm>/h. For the
equivalence ratio chosen in this experiment, ® = 0.8, the theoretical
flame thermal power is 13.3 kW. The bulk flow velocity is about 43 m
s, which gives a Reynolds number based on the hydraulic diameter of
Rep = 1.6 x 10* The flow is thus in a fully developed turbulent regime
at the outlet of the injection duct.

The 2-mm vertical grounded cathode is centered on top of the bluff
body, and the horizontal anode is located 5 mm above. Nanosecond
discharges are generated across the 5-mm gap by 10-ns duration high-
voltage pulses delivered by a pulse generator (FID Technology model
FPG 10-30NM10). The deposited energy at steady state is fixed at 1.8 mJ
per pulse and the discharges are applied at 20 kHz. The plasma-to-flame
power ratio is therefore 0.3 %. Photographs of the flame without and
with plasma are shown in Fig. 2.

2.2. Electrical measurements

The setup for electrical measurements is presented in Fig. 4 and is
similar to the one presented in Ref. [44]. Voltage and current traces are
measured with electrical probes (Lecroy PPE 20 kV and Pearson current
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Fig. 1. Schematic of the bluff-body burner with electrodes. Reproduced
from [47].
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Fig. 2. Photographs in real colors of the lean methane-air flame at ® = 0.8
without (a) and with (b) 1.8-mJ NRP discharges applied at 20 kHz. The inter-
electrode gap is 5 mm.

monitor model 6585) connected to an oscilloscope (TeledyneLecroy
HDO 6104) to monitor the energy deposited by each discharge pulse.
Fig. 3 shows the average current and voltage traces of the high-voltage
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Fig. 3. Current (red) and voltage (black) traces measured halfway along the
coaxial cable and resulting energy. The traces are obtained from an average of
10 000 samples. The error bar corresponds to one standard deviation of the
energy measurement. The shaded areas correspond to the pulses incident on
and reflected from the plasma (purple for incident pulses traveling from the
pulser to the plasma, and grey for reflected pulses traveling back from the
plasma to the pulser).
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pulse along with the resulting energy when discharges are applied
continuously at 20 kHz. The probes are located halfway on the 7-m long
coaxial cable connecting the pulser to the electrode (see Ref. [44] for
more details on the energy measurement). Due to the impedance
mismatch between the interelectrode gap and the coaxial cable, part of
the incident pulse is reflected and travels back to the pulse generator,
where a second reflection occurs. As the incident and reflected pulses
carry energy in opposite directions, these successive reflections cause a
non-monotonic energy evolution. About 75 % of the total energy is
deposited by the first incident pulse and the remaining energy is
deposited within 300 ns by the reflections. The total energy dissipated
into the plasma is 1.8 mJ at steady state. Note also that, due to the
reflection at the electrode, the voltage applied across the interelectrode
gap is twice the incident voltage (3.4 kV) shown in Fig. 3.

2.3. Flame imaging

OH* chemiluminescence images of the flame are recorded using an
ICCD camera (Princeton Instruments, PI-MAX-512-T, 18/G/II) fitted
with a UV-Nikkor 105 mm lens (f /4.5) and an interference bandpass
filter (Asahi Spectra Optical Filters ZHQA310) centered at 310 nm
(FWHM = 10 nm) to collect the spontaneous emission of the OH(A-X)
transition. Images are acquired with a 48-us time gate between
consecutive discharges and a delay of 1 ps after the discharge to avoid
direct discharge emission. All OH* chemiluminescent intensity images
presented in this work are obtained from an average of 1000 samples.

2.4. Gas temperature measurements

The gas temperature is measured during each pulse using Optical
Emission Spectroscopy (OES) of the N»(C—B) (0,2) vibrational band.
The relation between the gas temperature and the rotational tempera-
ture of Ny(C) was discussed in Refs. [11,44,49-51]. During a nanosecond
pulse, N»(C) is mainly populated from the ground electronic state of Ny
by electron-impact reactions. Because the rotational number is
conserved through these reactions, on time scales shorter than the
rotational-translation relaxation time, the rotational temperature of
N2(C), Trorn,(c) is proportional to the rotational temperature of N(X),
TrotN,(x)- The proportionality constant is equal to the ratio of the rota-
tional constants, denoted Hif)t and Hrcot. Furthermore, Refs. [11,49]
showed that the rotational temperature of No(X) is equilibrated with the
gas temperature Tg,s. At longer time scales, when rotational relaxation
occurs, Tron,(c) Telaxes to Tgas. Thus, during a nanosecond pulse, we
have the following general relation:

Trotny©) < Toas = Troenyx) < Trotny(c) X % = 1.095 X Trotn,(c) (@)
rot

It follows that the rotational temperature of Ny(C) is always within
10 % of the gas temperature during the pulse [11,49,51]. Furthermore,
as shown in Ref. [51], rotational relaxation does not affect the rotational
temperature of Ny(C) at the beginning of a nanosecond pulse. Thus, the
gas temperature at the early times following each pulse can be obtained
from the following relation:

Tgas = 1.095 X Troen, () ®

The rotational temperature of N5(C) is measured by OES with the
experimental setup presented in Fig. 4. The spectra are acquired with a
monochromator (Acton SpectraPro 2500i) coupled to an ICCD camera
(Roper Scientific PI-MAX-512-T, 18/G/1I). The discharge emission is
collected with two plano-convex lenses of 100-mm focal length. A
longpass interference filter with a cut-off wavelength at 300 nm (UV
Melles Griot 03 FCG 121 WG 305) is inserted into the optical path to
reject second-order emission of species emitting in the UV. The width of
the entrance slit of the spectrometer is 75 um. Spectra are acquired using
a 1200-gr/mm grating blazed at 300 nm or a 2400-gr/mm grating
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Spectrometer + iCCD

Fig. 4. Schematic of bluff-body burner and experimental setup for electrical and optical diagnostics.

blazed at 150 nm, yielding spectral resolutions of 0.142 nm and 0.065
nm, respectively. Experimental spectra are collected with a 2-ns time
gate with a few hundred on-CCD accumulations depending on the in-
tensity of the signal. The spectra are calibrated in intensity using an
integrating sphere (Gooch & Housego OL 455-4-2) traceable to NIST
standards. Experimental spectra of the No(C—B) (0,2) vibrational bands
are fitted with the line-by-line radiation code SPECAIR [52,53] to
determine the rotational temperature during the burst of discharges as
done in [54]. The measurements presented in this paper correspond to
the plasma emission in the middle of the 5-mm interelectrode gap.

For each discharge, spectra of the No(C—B) (0,2) vibrational band
are acquired with 1-ns steps to track the evolution of the rotational
temperature of No(C). Fig. 5 shows a typical experimental spectrum
fitted using SPECAIR [52,53]. The uncertainty in the rotational tem-
perature, estimated from the fit sensitivity, is typically 200 K, as shown
in Fig. 5. As an example, Fig. 6 plots the rotational temperature evolu-
tion during the 10t discharge of the burst. For this discharge, we
measure a temperature increase of approximately 350 K within 15 ns,
mostly at the end of the pulse. Time t = 0 ns is defined as the rising
half-maximum of the discharge broadband emission during the
high-voltage pulse. The measurements stop at t = 14 ns when the N»(C)
number density is too low for the emission spectrum to be fitted

properly.
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Fig. 5. Determination of the rotational temperature of N»(C) by fitting the
experimental spectrum with SPECAIR. The best fit is for T,o, = 17484200 K.
The fit sensitivity is illustrated by the two synthetic spectra at T, = 1548 K and
1948 K in the inset.
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Fig. 6. Evolution of the rotational temperature of N,(C) during the 10t
discharge of the burst. Spectra are measured in the middle of the interelec-
trode gap.

2.5. OH laser-induced fluorescence

The OH radicals produced after each discharge are measured by
Laser-Induced Fluorescence (LIF). The experimental setup is extensively
described in [49] and briefly presented here. The frequency-doubled
output (532 nm) of a Nd:YAG laser (Continuum Precision) is used to
pump a dye laser (Continuum ND6000 with rhodamine 590) at 10 Hz.
The frequency-doubled output of the dye laser is then tuned to excite the
Q2(3) transition of OH[(X2Hi,v”:0)—>(A22+,v’:1)] at 282.937 nm [55].
The laser beam is focused with a plano-convex lens (f = 15 cm) and the
beam waist diameter is approximately 0.2 mm. The energy of the 10-ns
laser pulse is set to 22 mJ, corresponding to a fluence of about 1.8
GW/cm?. This level of fluence corresponds to the saturated regime, as
experimentally verified in Fig. 7 in the non-assisted weak flame (Fig. 2a)
above a laser pulse energy of 15 mJ.

A two-level model is used to interpret the measured fluorescence
signals [56]. Assuming an equilibrium composition at the adiabatic
flame temperature of a stoichiometric CHy-air flame, the quenching
lifetime of OH(A) is estimated with the rate constants of Ref. [50] to be
about 1 ns, which is smaller than the laser pulse duration (12 ns). Thus,
the collected fluorescence signal is at steady state in the saturated
regime and is proportional to the OH(X, v’=0, J”’=3) number density.
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Fig. 7. Saturation curve of the LIF signal in the non-assisted flame.

The laser beam is adjusted to cross the discharge axis right in the
middle of the interelectrode gap, 2.5 mm from the cathode and the
anode, as shown in Fig. 8. The fluorescence signal is collected perpen-
dicularly to the laser beam using an ICCD camera (Princeton In-
struments, PI-MAX-512-T, 18/G/II) fitted with a UV-Nikkor 105 mm
lens (f /4.5) and an interference bandpass filter (Asahi Spectra Optical
Filters ZBPA310) centered at 310 nm (FWHM = 11 nm). The discharge,
the laser, and the camera are synchronized using a gate-and-delay
generator (BNC model 575). The camera gate is synchronized with the
laser pulse and set to 12 ns. The LIF measurements are taken 45 ps after
each pulse, i.e., near the end of the 50 ps interval between consecutive
pulses, in order to avoid collecting the emission of the discharge.

In the saturated regime, the fluorescence signal is proportional to the
density in the lower state pumped by the laser, OH(XZHi,V”:O, J’=3).
Therefore, to obtain experimental OH profiles representative of the total
number density of OH(X2Hi), the profiles of OH(X2H1,V”:0, J’=3) are
corrected by the temperature profiles using Eq. (3):

OH(X*11;,v' =0, J' = 3)
OH (X°11;)

T /Oracon

where Oro:. 0 = 27 K, yib o = 5378 K [57]. The temperature profiles are
obtained from the numerical simulations. For clarity, all the presented
measurements are corrected by the numerical temperature to be repre-
sentative of the total number density of OH(X?Iy).

3. Numerical modeling

Large Eddy Simulations (LES) of the turbulent flame and the NRP
discharges are performed with YALES2, an unstructured finite-volume
low-Mach number code dedicated to high-performance computing of
reactive flows [58]. The sub-grid Reynolds stresses tensor is closed using
the dynamic Smagorinsky model [59]. Methane-air combustion chem-
istry is computed with the LU19 mechanism, involving 19 species and
184 reactions [60]. The LES species balance equations are computed
using the Thickened Flame model for LES (TFLES) [61] and the Charlette
sub-grid scale flame wrinkling model [62]. Details regarding the nu-
merical setup, including computational domain, mesh, and boundary

(20" +V)exp(—J"(J +1)broron/T) (1 - exp<

Combustion and Flame 270 (2024) 113709

Fig. 8. Picture of the Mini-PAC burner taken with an ICCD camera (black and
white) with a non-saturated LIF signal superimposed (false colors).

conditions are given in [38,39,63].

The thermochemical effects of nanosecond discharges on combustion
are described by the model of Castela et al. [36]. This phenomenological
model is based on the observation that the main effects of nanosecond
discharges in air are fast gas heating and fast dissociation of oxygen
molecules at the nanosecond scale, and slow gas heating at the micro-
second scale. The strength of this model is to partition the discharge
energy between these three effects, allowing to capture them at a
low-CPU cost. The additional term of fast gas heating and the species
production rates due to plasma kinetics are closed by analytical ex-
pressions based on the experimental and numerical characterization of
NRP discharges [11,64,65]. In addition to the filtered Navier-Stokes and
species equations, the YALES2 code solves a balance equation for an
effective vibrational energy used to emulate a slow gas heating with a
process similar to vibrational-translational relaxation. Details are given
in [36]. Finally, the discharge is assumed to be a cylinder of length 5 mm
and radius 0.6 mm, as inferred from experimental discharge imaging.

4. Cumulative effects of NRP discharges: comparisons of
experiments and simulations of flame stabilization

As mentioned before, the reference experiment is a challenging case
because it involves both the transient regime from the initial unstable

Ovib.on
- o )) @

flame to the stable flame, as well as the steady-state regime. Initially
(without plasma), the flame is near the lean blow-off limit and is
confined to the recirculation zone downstream of the bluff body. A
significant fraction of the gas is not burnt, as can be seen in Fig. 2. A
burst of 5000 discharge pulses is then applied to this weak flame, and the
flame becomes significantly enhanced. The transient regime from the
weak flame to the stabilized flame and the steady-state regime are
experimentally characterized and compared with numerical LES results
obtained with the model of Castela et al.

4.1. Electrical characterization of the burst of discharges

The pulse generator was set to a fixed voltage in all following ex-
periments. However, because of pulser peculiarities, the energy depos-
ited by the first few discharges differed slightly from the energy
deposited by discharges in the steady-state regime. Fig. 9 shows the peak
voltage and current of the incident pulse for the first 10 discharges and


https://www.sciencedirect.com/topics/engineering/reynolds-stress
https://www.sciencedirect.com/topics/engineering/smagorinsky-model
https://www.sciencedirect.com/topics/engineering/wrinkling-flame

V.P. Blanchard et al.

T T T T T T T T T T 2.5

481 364 %

474 QE\
2 §,35- : % i E i % % % -205)
%46- 50 [ [] [] [} 18§
= — L
3 1834 3
Bas{3 %
=PI 115 &

[a)
3.3
44 ] %
31 32 — — 1.0

o -
=}

1 2 3 4 5 6 7

Discharge number

10

Fig. 9. Evolution of incident peak voltage, peak current, and total deposited
energy for the first 10 discharges of the burst. The blue strip corresponds to an
energy of 1.8 + 0.03 mJ. Data are obtained from an average of 10 000 samples,
and the error bars correspond to one standard deviation.

the total energy deposited by these discharges. The first pulse exhibits a
voltage undershoot, resulting in an energy deposition of 1.3 mJ.
Conversely, the second pulse exhibits a slight voltage overshoot. Starting
from the third pulse, the incident pulse amplitude is very stable, and the
deposited energy reaches the steady-state value of 1.8 mJ. For consis-
tency, the numerical simulations account for these variations of
discharge energy.

4.2. Flame shape development during the burst of discharges

As presented in Fig. 2, the weak flame without plasma is confined to
the recirculation zone of the bluff body and barely spans two bluff-body
diameters in length downstream. However, when NRP discharges are
applied, the flame grows and stabilizes even though the bulk velocity of
the flow is high.

In Refs. [44,54], the discharge emission was characterized at steady
state (i.e., with discharges applied continuously at 20 kHz). In this work,
we study the transient stabilization mechanism. The transition from the
weak flame without plasma to the plasma-stabilized flame is illustrated
in Fig. 10 with Abel-inverted average OH* chemiluminescence images.
The first image corresponds to the weak flame without discharge. The
following images present the flame shape evolution during the burst of

no discharge 1 10
plasma

Height above burner (cm)
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—
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Fig. 10. Abel-inverted average OH* chemiluminescence images of the flame
evolution under the effect of the burst of discharges.
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Fig. 11. Flame height above burner during the burst of discharges. The height
is determined from Otsu’s contours of Abel-inverted average OH* chem-
iluminescence images. Each datapoint is the average of 1000 samples, and the
error bars correspond to the standard deviation.

discharges. The flame contour is defined by the intensity threshold ob-
tained with Otsu’s method [66] applied to the image of the weak flame
without plasma. This threshold value is then used to delineate the flame
contour of all images and to compute the flame Height Above the Burner
(HAB), whose evolution is plotted in Fig. 11.

For t < 1 ms (i.e., until discharge 20), Fig. 10 shows that the plasma
does not affect the flame shape. Even though there is no macroscopic
effect on the flame shape during this time interval, the OH* chemilu-
minescent intensity strongly increases in the recirculation zone, indi-
cating substantial chemical and thermal activity. The flame starts to
grow approximately after t = 1 ms, which corresponds to the time
response of the flame to the application of NRP discharges. Then, the
flame develops until reaching the steady-state regime at about t = 5 ms,
which corresponds to 100 discharges (see Figs. 10 and 11).

The numerical analysis in Ref. [39] showed that O radicals generated
by the NRP discharges promote the production of reactive species
(mainly OH, Oj, and Hy). This chemical activity corroborates the pro-
gressive increase in OH* chemiluminescence in the recirculation zone,
between t = 0 and t = 0.5 ms. In a previous study, Particle Imaging
Velocimetry measurements showed that the residence time in the
recirculation zone for an air flowrate of 15 Nm>/h (comparable with the
17.3 Nm®/h of the present experiment) is about 0.8 ms [67]. Through
planar LIF imaging, Xu et al. [68] showed that OH radicals are produced
in the discharge region and, because of their long lifespan, are advected
toward the flame front at the edges of the bluff body where the shear
layer between the burnt gases and the fresh gases is located. This effect
causes a substantial increase in the methane consumption rate by the
flame front surrounding the recirculation zone (4 mm < r < 5 mm). As
discussed by the authors of Ref. [39], the numerical simulations showed
that the gain in flame thermal power was about 2 when applying NRP
discharges. They further provided a detailed analysis showing that 70 %
of this gain can be explained by the increase of the flame surface and 30
% by the exothermic reactions of the discharge products with the fresh
gases in the shear layers around the recirculation zone.

The development of the flame downstream the recirculation zone
results from competitive vorticity generation mechanisms in the wake of
the bluff body. Without plasma, the vorticity generated by the shear
layer of the bluff body tends to extinguish the flame [69]. In the present
study, since we are near lean blow-off, the vorticity confines the com-
bustion to the recirculation zone downstream of the bluff body. In the
case of a reacting flow, the exothermicity tends to generate vorticity of
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the opposite sign, which enables the flame to open and propagate
outside the recirculation zone, according to Shanbhogue et al. [69].

Therefore, the flame dynamics can be explained by the combined
effects of (i) the recirculation of reactive species produced by the dis-
charges and the improved heat release, and (ii) the vorticity generation.
The flame front spreads further downstream from the bluff body,
allowing consumption of the fresh gases not burnt without plasma and
stabilization of the flame.

Fig. 12 shows the measured OH* chemiluminescence integrated over
the field of view (obtained from images of the flames not Abel-inverted).
The burst of discharges starts at t = 0 ms. As was shown in Ref. [70], the
OH* chemiluminescence intensity can be used as a marker of the heat
release rate in premixed methane-air flames at atmospheric pressure. We
thus compare in Fig. 12 the measured temporal evolution of the OH*
chemiluminescence (blue squares) with the computed heat release rate
of the flame with (red line) and without (black line) NRP discharges. The
experimental results are averaged over 1000 bursts, whereas the simu-
lations correspond to a single burst of pulses. The temporal fluctuations
of the numerical results are due to turbulence, as confirmed by the
fluctuations of the thermal power of the weak flame without plasma
(black line). Fig. 12 shows that the temporal evolution of the OH*
chemiluminescence follows the same trend as the simulated increase in
flame power, both reaching steady state about 7 ms after the start of the
burst. Thus, the LES simulations qualitatively capture the temporal dy-
namics of the plasma-assisted flame.

For the weak flame without NRP discharges, Fig. 13 shows a com-
parison between i) the experimental Abel-inverted image of the average
OH* chemiluminescent intensity, ii) two instantaneous experimental
snapshots of the OH* emission, and iii) a time-instant solution of the
heat release in the centerline plane from the LES simulation. Pockets of
combustion downstream of the weak flame are observed in the experi-
mental snapshots and the time-instant LES simulation. However, these
pockets are not seen in the Abel-inverted image obtained from an
average of 1000 single-shot images because these events are rare and
occur at different positions.

In Fig. 14, the same experimental and numerical results are pre-
sented but for the flame assisted by NRP discharges. Compared to the
non-assisted case, the flame volume is significantly increased. Strictly
speaking, the line-of-sight integrated OH* signal cannot be directly
compared to a 2D slice of the numerical flame heat release. In addition,

weak flame without plasma
2200 4 plasma-assisted flame
®  OH* chemiluminescent intensity

Flame power (W)

Integrated OH* emission (a.u.)

T T T T T — 0

T
-5 0 5 10 15 20 25 30
Time (ms)

Fig. 12. Comparison of the numerical flame power of the non-assisted flame
(black line) and of the plasma-assisted flame (red line) to the experimental OH*
chemiluminescent intensity integrated over the whole image for each discharge
of the burst (blue squares). Experimental data are obtained from an average of
1000 samples, and the error bars correspond to the standard deviation.
Duplicate points correspond to measurements taken on different days. The burst
of discharges starts at t = 0 ms.
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because of the chaotic nature of the turbulence, a direct comparison of
instantaneous quantities in a turbulent flame is not consistent. Note that
because of CPU time restrictions, it was not possible to perform a sig-
nificant number of simulations to obtain averaged results. Still, these
figures qualitatively show that the NRP discharges impact similarly the
flame shape and length in both experiments and simulations.

4.3. Temperature evolution during the burst of discharges

Fig. 15(a) shows the measured gas temperature evolution at mid-gap
during the first 5000 discharges. We only plot the temperature at the
very beginning of each pulse (i.e., at time t = 2 ns). As mentioned before
(see Fig. 6), most of the gas heating occurs by the end of the discharge
and after the discharge during the quenching phase [11], and the gas
temperature remains constant during the first few nanoseconds of the
discharge. Therefore, the measured temperature provides the gas tem-
perature immediately before the pulse using Eq. (2), and it gives a good
indication of the lower envelope of the temperature evolution during the
burst.

The temperature measured at the beginning of the 1% discharge is
consistent with the flame adiabatic flame temperature without plasma
(1992 K at an equivalence ratio of 0.8). Because of the low energy
deposited by the 1% discharge (1.3 mJ), the temperature measured at the
beginning of the 2™ discharge is almost unchanged. The pre-pulse
temperature increases then by 1250 K between the 3 (t = 150 ps)
and the 10t discharge (t = 500 ps). After approximately 10 to 20 dis-
charges, the heating produced by each pulse, and the subsequent
exothermic reactions in the interelectrode gap is balanced by convection
and diffusion. A steady state pulsing regime is then reached. Similar
cumulative heating effects were observed in air for discharges applied
from 1 to 250 kHz by Adams et al. [71], and also in air and methane-air
for discharges applied from 1 to 30 kHz in [72,73]. They showed that the
temperature plateauing value increases with the discharge repetition
frequency. The increase of temperature is due to the ultrafast heating
effect and the corroborated exothermic reactions induced by the species
generated by the NRP discharge. The relative importance of each effect
on the temperature increase will be explored in future work.

Fig. 15(b) compares the measured and simulated gas temperatures.
The black squares correspond to the temperature measurements, and the
computed temperature evolution is shown by the red solid line. The
numerical results evidence the ultra-fast gas heating induced by each
NRP discharge. Subsequently to each pulse, the gas temperature in-
creases by about 1000 K due to ultrafast heating and then decays due to
the convection and diffusion of hot gases. As can be seen in Fig. 15(b),
the pulse-to-pulse evolution of the gas temperature is very well captured
by the simulations. Remarkable agreement is obtained for both the
evolution during the transient phase (first 10 discharges) and the steady-
state temperature.

The characteristic time scale of the temperature evolution, about 0.5
to 1 ms in both the experiments and the simulations, suggests that about
10 to 20 pulses are enough to reach the steady-state temperature regime.
Thanks to the cumulative effects of the discharges, operating with bursts
of 10 pulses might be sufficient to produce a stabilization effect similar
to the case with the discharges applied continuously. Operation of the
discharges in duty cycle could then reduce the overall energy cost. We
have shown in other configurations that the introduction of a duty cycle
reduces the electrical power of the NRP discharges by 30 % in Ref. [49],
and by a factor of 4 in Ref. [15], while maintaining a similar LBO limit
extension as with continuously applied pulses.

4.4. OH evolution during the burst of discharges

Fig. 16 shows the radial OH fluorescence profiles obtained in the
middle of the interelectrode gap. These measurements are averaged 100
times for each profile. In the weak flame without discharge (black
squares), the fluorescence intensity is minimal on the axis of the
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Fig. 13. Comparison of average Abel-inverted and single-shot experimental OH* chemiluminescence images with cross-sectional view of instantaneous numerical
heat release rate without plasma. The same length scale is used for experimental and numerical images. The numerical OH profiles presented in Section 4.4 are

extracted along the white line.
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Fig. 14. Comparison of average Abel-inverted and single-shot experimental OH* chemiluminescence images with cross-sectional view of instantaneous numerical
heat release rate with discharges applied continuously for the experimental case, and at t = 15 ms (i.e., after 300 discharges) for the numerical case.

interelectrode gap (r = 0 mm) and maximal close to the shear layer
where the burnt gases ignite the fresh gases and where the flame front is
localized (r = + 4 mm). The profile of the 15t discharge (red squares)
shows that the OH number density increases on the discharge axis. Then,
after the 2™ and 3™ discharges, the OH profiles keep increasing and
widening from pulse to pulse until discharge 15 (yellow squares). After
discharge 15 the OH number density at r = 0 mm reaches steady state. A
large amount of OH radicals is thus produced in the recirculation zone
with a sevenfold increase on the discharge axis.

OH is produced directly by the discharge via the dissociation of H,O
or via subsequent reactions with atomic oxygen or hydrogen. It is also

possible that OH is produced locally due to the temperature rise in the
recirculation zone. OH molecules are then convected towards the shear
layer and fill the entire recirculation zone.

Fig. 16 compares the simulated OH profiles with the corrected
fluorescence profiles. As the OH-LIF experiments were not calibrated in
intensity, we used the numerical results of the non-assisted flame to
obtain a scaling factor that was then applied to all time delays (see
Section 2.5). The scale of the fluorescence signal in the figure is adjusted
to match the OH number density of the non-assisted flame obtained with
the numerical simulation at r = + 4 mm, which corresponds to the flame
front. While experimental data correspond to ensemble-averaging, the
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Fig. 15. (a) Evolution of the gas temperature deduced from the rotational
temperature of N5(C) at the beginning of each of the first 5000 discharges.
Duplicate points correspond to measurements taken on different days. (b)
Comparison of the experimental (black symbols) and numerical (red line)
temperature evolutions in the discharge region during the stabilization
sequence. The inset shows the data for the first discharges.

numerical data correspond to a single simulation because of computa-
tional cost constraints. The profiles present some asymmetry likely due
to turbulence and to the hydrodynamic effects of the discharges [74,75].
The OH profile of the non-assisted flame perfectly matches the simulated
profile. The OH profile is also well predicted after the 1% discharge. The
numerical profiles of the 2" and 3™ discharges slightly underestimate
the fluorescence profiles. The numerical and experimental profiles of the
5th discharge agree remarkably well. After the 10t discharge, the overall
agreement remains satisfactory, but the numerical OH density is slightly
overestimated on the discharge axis and underestimated on the sides.
One explanation could be that the nanosecond discharge model of
Castela et al. only accounts for O production via dissociation of Os. It
does not account for the radicals produced by the discharge-induced
dissociation of the burnt gases (CO and H30). An extension of this
model, accounting for plasma discharge effects on gases other than Oy
and including NO formation, has been developed [48] and will be pre-
sented in future work. Nevertheless, the model of Castela et al. is found
to produce OH profiles in reasonable agreement with the experiments.
Moreover, the simulations well capture the dynamics: as in the experi-
ments, steady state is reached in the interelectrode gap after 10 to 20
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Fig. 16. Comparison of the experimental radial profiles of OH density
measured 45 us after each discharge in the middle of the interelectrode gap
(squares) to the numerical OH number density profiles at the same time and
location (solid lines) during the stabilization sequence. Error bars correspond to
the standard deviation of the measurements.

discharges (0.5 to 1 ms). This time scale also matches the period
required to match the thermal steady state in the interelectrode gap.

5. Conclusions

We presented in this work an experiment designed to challenge
plasma-assisted combustion simulations of turbulent flames and NRP
discharges. In a bluff-body burner, a burst of 5000 NRP discharges was
applied at 20 kHz in a lean-premixed turbulent methane-air flame
initially near the lean blow-off limit. The stabilization process was first
studied by OH* chemiluminescence to characterize the flame shape
evolution. The stabilization time scale was found to be comparable with
the residence time of about 1 ms in the recirculation zone downstream of
the bluff body. The thermal and chemical cumulative effects of NRP
discharges were thoroughly characterized in both the transient and
steady-state regimes. The temperature evolution in the discharge region
was measured by OES during the burst of discharges and showed a
similar characteristic time scale of about 1 ms. The temperature surge in
the discharge region due to the cumulative heating of the discharges is
about 1250 K. The evolution of the OH profile in the recirculation zone
exhibits dynamics very similar to the gas temperature. Compared to the
non-assisted flame, applying NRP discharges induces a sevenfold in-
crease in the OH number density in the discharge gap.

This reference experimental data set was then compared with LES
performed with the nanosecond discharge model of Castela et al. This
model, based on the knowledge of nanosecond discharge effects in air,
has the great advantage of avoiding computationally expensive detailed
plasma kinetics. Flame dynamics are very well captured by the simula-
tions. The temperature and OH profiles measured in the discharge re-
gion agree remarkably well with the experiments. Both the transient and
steady-state regimes are well reproduced. This shows that the simulation
is able to predict the cumulative thermal and chemical effects of NRP
discharges on the flame. Therefore, the model of Castela et al. is vali-
dated against quantitative experimental data.
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Finally, this work, along with the work of Malé et al. [12] and
Bechane [63], demonstrates that using a simplified model of nanosecond
discharges in LES of turbulent flames is a very promising numerical tool
for the design of plasma-assisted combustion applications.

Novelty and significance

This work is novel and significant because it provides the first
quantitative comparisons of experiments and 3D numerical simulations
of the dynamic process of plasma-assisted stabilization by nanosecond
discharges of a lean turbulent flame at atmospheric pressure. The
excellent agreement obtained for the quantitative comparisons of OH
number density, gas temperature, and flame shapes validates the Large
Eddy Simulation using the phenomenological model of nanosecond
discharges introduced by Castela et al. This demonstrates that coupling a
simplified model of nanosecond discharges to a high-fidelity combustion
solver is a relevant approach for plasma-assisted combustion simula-
tions. In addition, the experimental data will be useful to test and vali-
date other numerical models of plasma-assisted combustion.
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